Abstract Sudden changes found in the time-mean and rms values of force coefficients of a circular cylinder in forced orbital motion placed in a uniform stream when plotted against ellipticity of the orbital path suggest that two solutions (states) exist. For a better understanding of the changes in state, some new factors are considered: the torque coefficient; computations for Reynolds numbers up to 300; the investigation of lock-in domain for Re D 160.
Results for an Orbiting Cylinder
The flow arrangement can be seen in Fig. 1 . The orbital motion of the cylinder is created by a superposition of two forced harmonic oscillations with identical frequencies f [2] . In Fig. 1 U is the free stream velocity A x and A y are dimensionless oscillation amplitudes in x and y directions, respectively. Nonzero A x and A y values give an ellipse, shown in the dotted line in Fig. 1 . A x alone yields pure in-line oscillation, and then as A y is increased, the ellipticity e D A y =A x increases to yield a full circle at e D 1.
During each set of computations the Reynolds number Re (Re D Ud= where is the kinematic viscosity) and A x are fixed and f is kept constant at some percentage of Strouhal number St 0 (dimensionless vortex shedding frequency from a stationary cylinder at that Re), and amplitude of transverse oscillation A y is varied to produce varying ellipticity e D A y =A x . Only cases were considered where lockin prevailed, even at zero ellipticity (in-line motion). In this study this was between 70-105% to ensure lock-in at moderate oscillation amplitudes. Here results will be shown only for a cylinder in clockwise direction of orbit.
An interesting phenomenon was observed when looking at the time-mean value (TMV) and rms values of lift, drag and base pressure coefficients for an orbiting cylinder in a uniform flow. Abrupt jumps were found when these values were plotted against ellipticity e with Re and A x kept constant [2, 3] . A typical example for the TMV of lift coefficient C Lmean is shown in Fig. 2a The TMV and rms of drag and base pressure, as well as the rms of lift, behaved differently from C Lmean , characterised by two state curves which are not parallel but intersect each other at e D 0. A typical example is shown in Fig. 2b . The main parameters (Re, A x and f ) are the same as in Fig. 2a . The number and location of jumps are identical in these two figures. In this study investigations are extended to include torque coefficient t q (measured clockwise), which is determined from the moment of the shear stress on the cylinder. Omitting details:
where ' is the polar angle, 0 and ! 0 are dimensionless wall shear stress and vorticity, respectively. A similar torque coefficient is defined in [7] . Figure 3a shows the TMV of t q for three frequency ratios of f =St 0 D 0:75; 0.8; 0.85 versus ellipticity e for Re D 160 and A x D 0:4. The TMV of torque coefficient t qmean shows a similar pattern to C Lmean (see Fig. 2a ), though the lines have negative slopes. It can be seen in Fig 3a that the distance between lower and upper envelope curves increase with f =St 0 . Figure 3b shows the rms values of torque coefficient for the three cases shown in Fig. 3a . As can be seen in the figure, the number and location of jumps at the corresponding curves are identical with each other and the pattern of envelope curves in Fig. 3b is similar to that in Fig. 2b . By increasing the frequency of oscillation f the envelope curves shift upward.
In earlier papers [2, 3] only results below Re D 190 have been shown. At this Reynolds number three-dimensional effects start to appear for stationary cylinders [5] . Experimental evidence from [6] for oscillating cylinders shows that lock-in increases the span-wise correlation of signals and the two-dimensionality of the flow compared to flow around stationary cylinders. Poncet [9] shows how the 3D wake behind a circular cylinder can be made 2D by using lock-in triggered by rotary oscillation of the cylinder. For this reason a 2D code is suitable even at higher Reynolds numbers than 190. In [8] a 2D code was used for simulation of flow around an oscillating cylinder at Re D 500. The effect of Re on TMS and rms curves for lower Re values was investigated in [3] . Time-mean and rms results are shown in Fig. 4a and b for orbiting cylinders at Re D 200; 250; 300. As seen in Fig. 4a , the distance between the two state curves decreases with Re. Figure 4b shows the rms of drag coefficient versus e for the same three Re numbers. The location and number of jumps in the corresponding curves in Fig. 4a and b are identical. Figure 4b shows that state curves shift upward with Re.
Finally, the domains of [0.7,1.05] and [0.1,0.5] in f =St 0 and A x (see Fig. 5 ) was investigated using the CFD code mentioned for Re D 160 in order to determine where lock-in prevails over the whole e D 0-1:2 interval investigated. In Fig. 5 filled squares show full lock-in, empty diamonds represent cases where not a single point in the e interval is locked-in. Empty squares show cases where lock-in cease to exist within the e interval.
Conclusions
To better understand the changes in state, some new factors are considered:
-Torque coefficient, which has similar features to those of the lift coefficient, (identical number and location of jumps). The distance between upper and lower state curves for the TMV of the torque coefficient increases and the rms state curves shift upward with frequency of cylinder oscillation f . The results of these investigations confirm the previous findings in this field and strengthen the case for the existence of a phenomenon behind these jumps.
